High intensity focused ultrasound (HIFU) is one of the promising minimally invasive therapeutic methods. Focused ultrasound creates coagulation area with minimally invasiveness. Reduction of thermal damage in non-target area during HIFU therapy as well as effective coagulation of the target area are important. In developing a safe and effective HIFU system and control algorithm for HIFU beam manipulation, experimental evaluation of 3D temperature distribution is required to verify the performance of the system under development. In previous studies, several methods for evaluating 3D temperature distribution were introduced, such as MRI thermometry. This method requires consideration of MRI compatibility of the HIFU system. Other methods including thermocouples and thermochromic liquid crystal (TLC) sheet have been used to visualize temperature distribution in experimental acoustic phantoms. However, there were several limitations in evaluating 3D temperature distribution during HIFU exposure. In this study, a 3D temperature distribution measurement system using micro-capsulated thermochromic liquid crystal (MTLC) was developed. We fabricated an optically transparent temperature sensitive phantom containing MTLC that emits a re ectance spectrum depending on temperature. The 3D temperature distribution was visualized using a light sheet method. The temperature distribution in the optical phantom during HIFU exposure was determined with errors as low as 0.6 C. Using this system, temperature distribution induced by HIFU exposure was visualized using different focusing methods to evaluate their performance.
Introduction
High intensity focused ultrasound (HIFU) is one of the promising minimally invasive treatment methods. It is expected that energy concentration causes heat coagulation around the focal area, while the risk of thermal damage outside the focal area is low. Temperature rises to approximately 50 C. Ultrasound has minimal effects on normal tissues, thus allowing repeated treatments. HIFU has been applied to the treatment of prostate and breast tumors [1, 2] . HIFU therapy requires the use of monitoring technology including ultrasound imaging system and MRI [3] . Medical imaging system is used in treatment planning. The focal size of the HIFU beam is generally smaller than the size of the tumor. Therefore, multiple HIFU exposures are necessary to treat larger tumors. There are several problems associated with the requirement for multiple HIFU exposures. The treatment is not perfect when there are areas with inadequate temperature elevation for coagulation between individual foci. Repeated HIFU exposures also cause heat accumulation leading to burn at the HIFU beam inlet side, since normal tissues through which HIFU beam propagates also absorb a certain amount of energy. To prevent such burns in normal tissues, intervals are usually placed between exposures leading to impractically long treatment time.
To improve the ef ciency and safety of HIFU treatment, appropriate delivery of thermal energy by controlling the HIFU beam exposure is required. To evaluate a newly developed control method, 3D temperature distribution should be evaluated.
In previous studies on methods of evaluating temperature distribution in a medium exposed by an HIFU beam, thermocouples [4] , infrared camera [5] , BSA gel [6] , non-ionic surface agent [7] , thermochromic liquid crystal (TLC) sheet [8] , and MR thermometry [9] were used. Since the thermocouple-based method measures temperature at a single point, many thermocouples are needed for 3D measurement. The use of multiple thermocouples may affect thermal conditions inside the medium leading to measurement artifacts. Infrared cameras measures temperature distribution only on the surface of a medium and cannot measure the internal temperature. BSA gel and non-ionic surface agent that change phase structure at a certain temperature are used to detect regions in which temperature increase is higher than a certain temperature threshold. The threshold is usually set near the temperature required for tissue coagulation. In addition, the phase change of non-ionic surface agent is reversible. However, methods based on phase transition of materials cannot measure temperature distribution quantitatively since such methods are based on the principle of binary detection of temperature rise. The optical re ectance spectrum of TLC changes depending on temperature, and is used for temperature measurement in a medium during HIFU exposure. Although the TLC sheet in an optically transparent acoustic phantom allows visualization of temperature distribution in a cross section of the phantom, it cannot provide real-time 3D temperature distribution in the acoustic phantom. MR thermometry measures 3D temperature distribution non-invasively. However, all the experimental systems should be MRI compatible and compact enough to be installed in the gantry of an MRI scanner.
The purpose of this study was to develop a measurement method of 3D temperature distribution during HIFU exposure using micro-capsulated thermochromic liquid crystal (MTLC) [10] , for the evaluation of an HIFU beam control algorithm. The required accuracy of the method is 1 C, to be compatible with MR thermometry [11] . We designed an experimental phantom by mixing MTLC and a transparent material simulating biological acoustic properties, to be used with an optical measurement system to visualize 3D temperature distribution. The accuracy of the proposed method was veried. Finally, experimental visualization results of 3D temperature distribution during HIFU exposure is presented.
Methods

Temperature Sensitive Phantom
The MTLC (Japan Capsular Products) is a micro capsule with a diameter of 30 µm. Its speci c gravity is 1000 kg/m 3 , the same as water. Its re ectance spectrum depends on the temperature. Re ected light changes from red to purple as the temperature increases. When a transparent material admixed with the MTLC is illuminated with a light sheet, the temperature distribution of the illuminated cross section can be visualized. The temperature range that can be visualized with the MTLC is from −20 C to 100 C, and the color-coded temperature range of one type of MTLC is from 1 C to 10 C. The temperatures around the focal area during HIFU exposure range from 80 C to 100 C, and the MTLC has adequate visible temperature range to visualize temperature distribution due to HIFU exposure.
The medium must be transparent, must have acoustic and thermal characteristics similar to human tissue, and must not convect heat. In this study, urethane was used. The urethane material (Exseal Corporation) used in this study was transparent and colorless, which is suitable for optical measurement of color. It has suf cient thermal tolerance for use in HIFU exposure. As for acoustic parameters, sound velocity was 1420 m/s and attenuation was 1.49 dB/cm MHz. Sound velocity of fat is 1450 m/s and attenuation of fat is 0.63 dB/cm/MHz. Thus, the acoustic attenuation of urethane is larger than that of human tissue. The merit of urethane is that it does not require mixing with another substance to increase its attenuation. Previous study on BSA gel phantom [6] showed that the attenuation increased linearly with increase in BSA concentration. Mixing with another substance results in lower transparency. It is important that the medium for visualization using MTLC is transparent and it is not desirable to mix with another substance. In addition, urethane is more durable than BSA gel [6] and carrageenan gel [12] . MTLC visualization is reversible. Hence, we used urethane mixed with MTLC to fabricate a reproducible phantom. The concentration of MTLC in urethane was 0.01%. This ratio was decided from the point of view of visualization. The main agent and the curing agent for urethane were mixed in a ratio of 100:3.3 and exposed to a high temperature of 100 C for 1 h to cure. For calibration, the size of the phantom was 45 × 75 × 45 mm and one type of MTLC (35-45 C) was used. For HIFU exposure, the size of the phantom was 80 × 80 × 60 mm, and three types of MTLC (15-25 C, 25-35 C, and 35-45 C) were used. For example, the MTLC with temperature range from 35 to 45 C was used for evaluation of the risk of skin burn under the condition that the initial phantom temperature was 37 C (body temperature).In other cases, the same MTLC was used for evaluation of the coagulation area under the condition that the phantom was initially at room temperature. In the former condition, temperature rise up to 8 degrees can be observed, and under the latter condition, a temperature range from approximately 15 to 25 degrees can be observed.
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(2) 2.2 3D temperature distribution measurement system A phantom was fabricated by mixing urethane with MTLC. This phantom was illuminated by a light sheet and the illuminated section was visualized. The illuminated section was captured by a CCD camera. The light sheet scanned the phantom to measure the 3D temperature distribution. Figure 1 shows the system. The phantom was placed on a rubber membrane, which is in the center of the cover of a water tank. The light sheet was produced by xenon slit light source (KS-150-100, KATO KOKEN, Kanagawa, Japan). A light sheet with a thickness of 4 mm was re ected by a galvanometer mirror (6230H Galvanometer Scanner, T.E.M. Incorporated, Tokyo, Japan) at a frequency of 1 Hz to scan the phantom. The illuminated sections were captured by a CCD camera (UI-2210SE-C-HQ, IDS, Deutschland) at a frame rate of 30 fps.
Calibration Method
To obtain the mathematical relation for the re ected color information of the temperature sensitive phantom, the change in color depending on temperature of the phantom should be investigated. The temperature distribution in the phantom has to be determined. In a previous study on uid temperature measurement, water mixed with MTLC was scanned using a thermocouple. However, the phantom used in this study was not liquid but solid. Probing the entire system in steady state at different temperatures would take a very long time. Inserting multiple thermocouples into the phantom would also be dif cult because they may damage the phantom and disturb temperature distribution.
To estimate temperature distribution in the phantom without causing damage, the following method was adopted. The phantom was placed on an aluminum plate positioned on the water surface (50 C) in the water tank. The surrounding temperature was maintained at room temperature (28.9 C). The temperatures at the top and bottom of the phantom were measured. The temperature distribution was calculated numerically under steady state condition with equivalent boundary conditions. The calculated results are shown in Fig. 2 . Arc shaped constant temperature lines were obtained from the simulation. To verify the simulation results, three thermocouples were inserted near the center line of the phantom (Fig. 3) . RGB data on the red line in Fig. 3 was used for veri cation of the simulation, and RGB data on the green line was used for calibration, to eliminate the effect of light re ection on the thermocouple. Figure 4 shows the visualized temperature distribution in quasi-steady state and the temperatures measured by the thermocouples. Arc shaped temperature distribution was visualized, similar to the results obtained from simulation. However, the temperature distribution around both ends of the phan- tom were different from the simulation results. This is because air around both ends of the phantom was heated up. The temperature on the lateral side had a relatively small effect on temperature change around the center, which was used for calibration. Figure 5 shows the relation between the temperature measured by the thermocouples and the temperature distribution estimated from numerical simulation. The z-axis is the height direction of the phantom. Orange squares indicate temperatures measured by the thermocouples and the blue curve is obtained from simulation under the condition that the temperatures at the top and bottom of the phantom are set at the measured temperatures. These data indicate that the temperature distribution in the phantom can be estimated accurately from simulation. We used this estimated temperature distribution as reference data for temperature measurement using MTLC color measurement. Figure 6 shows the relation between the RGB of the images obtained and the temperatures from interpolated values. To eliminate the effect of re ection on the thermocouples, RGB data obtained 3 mm away from the red line (Fig. 3) was used. The MTLC re ects light, the wavelength of which decreases as temperature increases. Therefore, a red peak appeared at low temperature, a green peak appeared at moderate temperature, and a blue peak appeared at high temperature. When RGB values were plotted in 3D space, the trajectory of the RGB data of MTLC on a speci c plane showed good agreement with a previous study [12] . The axis de ning the plane can be obtained by principal component analysis of RGB data under different temperatures. Data in RGB space was projected on the 2D plane de ned by the 1 st principal component and the 2 nd principal component (Fig. 7) . RGB data points moved counterclockwise as temperature increased. Data in the 2D plane was then transformed to the polar coordinate system, in which the origin of the coordinate system was de ned as the center of gravity of the data obtained. The phase angle of the data in the polar coordinates increased as temperature increased. The relation between the temperature and the phase angle was used to obtain the calibration curve for temperature estimation. Figure 8 shows this calibration curve.
Experiments
Validation experiment was performed to evaluate the calibration curve. The temperature calculated from the color was compared with simulated temperature from thermocouples. The phantom was subjected to conditions (bottom temperature was 44.9 C) different from that for calibration. The temperature from thermocouples ob- 
tained from numerical simulation was used as reference data. A comparison of data was performed, and the results are shown in Fig. 5 . Visualization experiment was performed to observe the temperature distribution induced by HIFU exposure. The focal distance of the HIFU transducer was 100 mm, the frequency was 2 MHz, and the output was 10 W. Transparent urethane phantoms that contained 3 types of MTLCs (15-25 C, 25-35 C, and 35-45 C) were used to visualize the temperature distribution around the focal area and the entrance surface. The room temperature was 21 C. Figure 9 shows the temperatures at different heights of the phantom estimated by the proposed method using MTLC and the temperatures obtained from numerical simulation. The mean error was 0.6 C and the maximum error was 2.5 C. The discrepancy was greater at the higher temperature range of 39-42 C.
Results
The 3D temperature distribution induced by HIFU exposure was visualized (Fig. 10) . The cross section was around the entrance surface. The illuminated section showed two types of MTLC colors: MTLC (35-45 C) colored in an elliptical form around the focal area and MTLC (25-35 C) colored around the entrance surface. A cross section image obtained by 3D reconstruction showed that the MTLC (25-35 C) was colored in a toroidal form around the entrance surface. The heat spread according to the shape from the focal area.
Discussion
BSA gel and MR thermometry are the main methods for evaluating temperature distribution induced by HIFU exposure. BSA gel becomes clouded above a certain temperature. MR thermometry is a non-destructive temperature measurement method. Comparison of the proposed method with BSA gel and MR thermometry will be discussed.
First, accuracy will be discussed. As shown in Fig. 5 , the temperature distribution in the phantom estimated by numerical simulation was adequately accurate, with errors less than 0.8 C. It is therefore acceptable to use numerical simulation data as reference data to evaluate the accuracy of the proposed MTCL-based temperature measurement method. Since the mean difference between the temperatures estimated by the numerical simulation and those by the proposed method was 0.6 C, the accuracy of the proposed MTLC-based temperature measurement was less than 1 C, which is comparable to MRI thermometry. The temperature sensitive phantom containing MLTC was transparent. Therefore, the light sheet method made it possible to measure the temperature distribution at a speci c cross section inside the phantom. Figure 8 shows the decrease in measurement accuracy at high temperature. This is because the change in the RGB value was small at high temperature as shown in Fig. 6 . Improvement of measurement accuracy is possible by adopting an appropriate MTLC that is sensitive in the target temperature range.
MR thermometry was used in the clinical setting. MRI compatibility was not required in the proposed method. The main purpose was to evaluate the novel HIFU beam control algorithm by the proposed method. Therefore, visualization of temperature distribution without the limitation imposed by MR gantry was useful and the strict requirement of material medium was acceptable BSA gel is a simple evaluation method used for direct visualization of the coagulated area. The MTLC phantom in this study was not denatured by heat. In other words, it would not be possible to visualize the coagulated area directly by BSA gel. On the other hand, thermal dose allows the estimation of not only the coagulation area, but also the risk of burn. Thermal dose indicates thermal damage. Tissues are denatured if the threshold of the thermal dose is exceeded [13] . Thermal dose is calculated from temporary change in temperature, and temporary change in temperature can be measured by the 3D temperature distribution measurement system. Therefore, the coagulated area and the risk of skin burn can be evaluated with the 3D temperature measurement system. The visualized 3D temperature distribution induced by HIFU exposure showed temperature distribution around the focal area and near elds. Temperature distribution around the focal area is used to evaluate the coagulated area, and temperature distribution around near elds is used to evaluate the risk of burn. In addition, MTLC visualization is reversible and the proposed system can be reused under the same conditions as the previous study on non-ionic surface agent. These characteristics was con rmed in the validation experiment, because the validation experiment showed that MTLC showed the same color change under the same temperature condition. Reversibility is useful in the evaluation of control methods in preclinical developments.The 3D temperature distribution measurement system subsequently allowed us to evaluate a control algorithm for HIFU beam exposure.
Conclusion
In this study, a 3D temperature distribution measurement system was developed and the relation between color change and temperature was calibrated. The mean error was 0.6 C. In addition, using this system, 3D temperature distribution induced by HIFU exposure was visualized. 
